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Transient storage has been observed in many acteristics. Stream characteristics of importance streams and small rivers where solutes are tem-include advective velocity, storage zone size, porarily detained in the hyporheic zone and and storage zone exchange. These stream charsurface features (small eddies and pools) with acteristics are in turn used to infer information low longitudinal velocities. Because transient related to the location, timing, and magnitude storage acts to delay the downstream transport of biogeochemical processes. Because of the of solute mass, it has important implications for growing interest in the effects of transient stornutrient cycling and contaminant transport in age, several investigators have proposed metrics stream ecosystems. A mathematical model that that may be used for intra-and interstream considers the effects of transient storage on comparisons. A review of various metrics used mass transport has been developed (Bencala to characterize transient storage indicates that and Walters 1983 , Hart 1995 , Runkel 1998 . This none of the existing measures successfully inmodeling approach has been used extensively tegrates the interaction between advective vein recent years to quantify hydrodynamic and locity and the transient storage parameters biogeochemical processes (Bencala 1984, Ben-(storage zone area; storage zone exchange cocala et al. 1990 , Stream Solute Workshop 1990 . Further, two existing metrics are re- Broshears et al. 1993 , D'Angelo et al. 1993 , Har-lated to mean travel time, a quantity that is invey and Bencala 1993, Valett et al. 1996 , Morrice dependent of a. The interaction between advecet al. 1997 , Mulholland et al. 1997 velocity and the transient storage parame-1998, Hart et al. 1999) . Additional research ef-ters and the effect of a on median travel time forts have focused on analysis of the transport are important considerations when determining equations (Runkel and Chapra 1993 , Schmid the mass of solute entering the storage zone 1995, Lees et al. 2000) as well as interpretation within a given reach. In light of this finding, a of model parameters (Harvey et al. 1996 , Wag-new metric for transient storage is developed. ner and Harvey 1997) .
Interpretation of model parameters is an important task as investigators attempt to relate Model Equations and Existing Metrics the relevant parameters to physical stream charThe analyses presented are based on the transient storage equations as implemented within 'E-mail address: runkel@usgs.gov the OTIS solute transport model (Runkel 1998 ).
These equations are functionally equivalent to alternate formulations presented in the literature (e.g., Thackston and Schnelle 1970 , Nordin and Troutman 1980 , Hart 1995 . The equations describe the physical processes of advection, dispersion, and transient storage. Two conceptual areas are defined within the model: the main channel and the storage zone. The main channel is defined as the portion of the stream in which advection and dispersion are the dominant transport mechanisms. The storage zone is defined as the portion of the stream that contributes to transient storage, i.e., the hyporheic zone, pools, and eddies. The exchange of solute mass between the main channel and the storage zone is modeled as a 1st-order mass transfer process. Given this conceptual framework, equations describing the spatial and temporal variation in solute concentrations are given by:
where A is the main channel cross-sectional area (m2), A, is the cross-sectional area of the storage zone (m2), C is the main channel solute concentration (mg/L), C, is the storage zone solute concentration (mg/L), C, is the lateral inflow solute concentration (mg/L), D is the dispersion coefficient (m2/s), Q is the volumetric flow rate (m3/s), q, is the lateral inflow rate on a per length basis (m3/s-m), f is time (s), x is distance (m), and a is the storage zone exchange coefficient (/s). The model parameters presented above have been used to develop various metrics for intraand interstream comparisons. A commonly used metric is the simple ratio of storage zone cross-sectional area and main channel crosssectional area, ASIA. Another common metric is L,, the average distance a molecule travels downstream within the main channel prior to entering the storage zone (Mulholland et al. 1994): where u is advective velocity (QIA) and Q is average flow in the reach. Division of L, by u yields the average time a molecule remains in the main channel before passing into the storage zone:
where T,,, is the main channel residence time.
After travelling L, meters, the average molecule will remain in storage for a time given by:
where T,,, is the storage zone residence time (Thackston and Schnelle 1970) .
Two additional metrics include the storage exchange flux (Harvey et al. 1996) and the hydrological retention factor (Morrice et al. 1997) . The storage exchange flux is equal to:
where q, is the average water flux through the storage zone per unit length (Harvey et al. 1996) . The hydrological retention factor is given by:
As shown in this paper, the effect of transient storage on solute mass is influenced by advective velocity (u) and the transient storage parameters A, and a. None of the metrics presented above describe the overall effect of these 3 parameters on downstream transport. To complicate matters further, changes in parameter values may suggest increased or decreased importance of transient storage, depending on the metric considered. Decreased values of a, for example, lead to an increase in T,,,,. This increase in T,,,, may be interpreted to indicate that transient storage is more important in a given reach. In contrast, this same decrease in a will act to increase T,,, and decrease q,. These changes in T,,, and q, suggest a decreased importance of transient storage. Finally, R , will be unaffected by the change in a. These conflicting interpretations of transient storage underscore the need for a unified metric. To this end, a new metric that considers the interaction between u, A,, and a is presented.
Development of a New Metric
Mean trauel time A potential basis for a new metric is mean travel time. Mean travel time is given by (Nordin and Troutman 1980, Schmid 1995): where L is reach length (m). The terms on the right-hand side of equation 8 are the portions of mean travel time due to the main channel (tmeaXrn) 10 and 11 are of interest, the primary goal of developing a new metric has not been realized because F,,,,,, contains only 1 of the 3 important parameters, A,. The failure of F,,,,, to include the effects of a and u arises from the fact that velocity contributes to both the main channel and storage zone portions of t,,,,, (equation 8). Further, t,,,,, is independent of a.
The independence of t,,, from a is illustrated in Fig. 1 where an instantaneous slug injection is considered. The solid line depicts a simulation based on reach 3 of Little Lost Man Creek (Benand the storage zone (t,,,,,,;), respectively. A simpler equation for mean travel time may be developed by neglecting dispersion. In this case, mean travel time is equal to volumetric residence time (Thackston and Schnelle 1970) :
where the terms on the right-hand side are equal to volume/flow for the main channel (t,,,) and the storage zone (t_?), respectively. For the special case of L = L,, volumetric residence time is equal to the sum of the main channel and storage zone residence times (combining equations 3 and 9 yields t,, = T,,, + T,,,).
One approach to determining the overall effect of transient storage on the downstream transport of solutes is to consider the fraction of mean travel time that is due to transient storage. This fraction is equal to the 2nd term on the right-hand side of equation 8 divided by the entire right-hand side (t llieans /tllieax). After algebraic manipulation, this quantity is simply equal to the fraction of total reach volume occupied by the storage zone:
An identical relationship exists for the case of t,, (equation 9) and the residence time metrics defined previously:
Note that this fraction is similar in form to the commonly used metric, ASIA. Use of F,,,, may be preferable to ASIA because of its basis in theory (equations 8 and 9) and the fact that it is bounded between 0 and 1.
Although the results presented as equations cala 1984). Application of the transient storage model yields a skewed concentration versus time profile, such that t,,,, occurs long after the time of peak concentration. A 2nd simulation in which a is decreased by an order of magnitude is shown as a dotted line. This decrease in a causes an increase in L,, such that fewer molecules enter the storage zone over the experimental reach. Because the molecules that remain in the main channel are subject to advection, the decrease in a (increase in L,) acts to shift more solute mass to the left; i.e., most tracer molecules have shorter travel times. This shift in mass is counterbalanced by the longer travel times associated with the molecules that make up the tail of the tracer profile; i.e., although fewer molecules enter the storage zone, they remain within the storage zone for a longer period of time (T,,, increases). (Note that the tail of the 2nd simulation exceeds that of the 1st for all times 227 h (not shown in Fig. 1) ). The net effect of the change in a on t , , , , , , , and t,,, is therefore nil (Fig. 1 ).
Median travel time
In the example provided above, a relatively small number of tracer molecules with extremely long travel times act to skew the travel time distribution to the right, such that t,,,, is unaffected by a decrease in a. This independence of travel time on a can be eliminated by considering median travel time, as the median is unaffected by extreme values. Time elapsed since slug injection (h)
FIG. 1. Time versus concentration profiles resulting from a slug injection, showing mean travel time (t,,,,,,,), volumetric residence time (t,,,), and median travel time (t,,<,). Solid line is the simulated concentration based o n parameters from the 3rd reach o f Little Lost Man Creek, California (Bencala 1984);dotted line is the simulated concentration based o n the same parameters, but with the storage zone exchange coefficient, a, reduced b y an order o f magnitude.
solution of equations 1 and 2 as follows. First, median travel time is the time at which: where C is the concentration that results from an instantaneous slug injection. The fraction of median travel time due to transient storage is then given by: where t,,, is the total median travel time, fmedm is the median travel time due to the main channel, and tmedS is the median travel time due to the storage zone. As given by equation 12, median travel time corresponds to the center of mass, a characteristic of the tracer profiles that is affected by a (Fig. 1) .
Calculation of tmed and tmCdm for use in equation 13 is illustrated in Fig. 2 . For the case of steady flow, Q drops out of equation 12 and the area under the time versus concentration plot is proportional to solute mass. The relative amount of solute mass may therefore be determined by numerical integration of the concentration profile ( Fig. 2A) . The time at which % the mass passes reach length L is equal to the median travel time. Calculation of the total median travel time (f,,,,,) is based on the concentration profile resulting from the solution of equations 1and 2 (Fig. 28) ; calculation of the median travel time for the main channel (f,,,,") is based on the concentration profile that occurs in the absence of transient storage (advection and dispersion only, equation 1with a = 0) (Fig. 2B) . The fraction of median travel time due to transient storage (F,,,) is then determined using equation 13.
Although it is possible to determine F, , , using the procedure outlined above (equation 12, Fig.  2 ), it is somewhat problematic because of the lack of a slug boundary condition within the OTIS solute transport model. An alternate procedure based on the time to plateau for a continuous injection is therefore described below. The equivalence of the 2 procedures may be seen by considering the relationship between median travel time and the time required to reach % of the plateau concentration; because median travel time corresponds to the time to the curves shown in Fig. 2A , where the orwhen Yz the mass has passed the observation dinates correspond to the fraction of plateau point, median travel time is equivalent to the concentration. F,, may therefore be determined time at which Yz of the plateau concentration is as follows:
realized. This equivalence can be seen by noting that the integrated area for a slug injection is 1) t,,,,.-A transport model is used to simulate identical to the concentration profile for a conthe effects of a continuous injection in the tinuous injection, i.e., a continuous injection represence of transient storage (equations 1 sults in concentration profiles that are identical and 2), with concentrations at the reach end- 
Application
Use of median travel time to quantify the effects of transient storage is demonstrated by considering 53 parameter sets obtained from the published literature (Table 1 a moving target). As shown in Fig. 3, F, ,,, approaches F,,,, as x/L, increases (i.e., the mean and median converge as the number of times the storage zone is sampled increases).
The strong length dependence of F,,, presents a challenge for the development of a new metric based on median travel time, in that comparison of parameter sets from studies with various reach lengths must be evaluated at some standard distance. Determination of the standard distance was made by keeping in mind the orig- Table 2) and is proposed as the standard distance. Evaluation of F,,, at the standard distance (F,,Zoo) indicates that transient storage accounts for 0.12 to 68% of total reach travel time for the 53 parameter sets considered ( Table 3) . The relationship between F,,, and the model parameters may be seen by noting the asymptotic behavior of F,,,/F,,,, with respect to x/L, (Fig. 3) . This asymptotic behavior suggests a functional relationship of the form: , , , , , (F,,,ZOu) is illustrated in Fig. 4 , where values from the 53 parameter sets are shown to be in close agreement with equation 14 (Fig. 4, 1:l line) .
Discussion

F,,,, a new metric for transient storage
Although equation 14 has not been derived directly from the transport equations, it is clear from Figs. 1, 3 , and 4 and the associated discussion that F,rt,, is some function of ti, As,and a. This conclusion is further supported by the observation that values of F,,,,, determined from numerical simulations change in response to changes in the model parameters, Q/A(tl), A,, and a. The goal of developing a transient storage metric that considers the interaction between these parameters has therefore been achieved and F,, is proposed as a new metric. Use of median travel time to define this new metric provides a clear physical interpretation: F,,,, is the fraction of median reach travel time due to storage. Stream reaches in which transient storage substantially affects the downstream transport of solute mass will have high values of F,,,, whereas stream reaches in which storage has little effect on downstream transport will have low values of F,,,,.
For a given study reach, median travel time may be used to determine time in the main channel (t,,~), time in the storage zone (t,,,,\), and the fraction of travel time due to storage - (F,,) , where these quantities are evaluated using the actual length of the study reach (Table  4) . Multiple experiments on the same study reach (e.g., the 20 WFWB parameter sets; see Appendix), or different study reaches with identical lengths may also be compared using the actual reach length.
For general comparisons of studies conducted at different scales, a standard distance of 200 m is proposed (F,,,'uu) . Although this standard is subject to debate, it is based on the analysis presented in Table 2 , and is in general agreement with the average reach length of the 53 parameter sets considered here (e = 180.6 m). Values of F,rt,,2uu are compared to several other metrics in Table 3 . For each metric, a rank is also presented that corresponds to the rating a given parameter set would be given if the metric was and R,are the most similar to F,,,,' O0 (i.e., 6 of the top 10 parameter sets based on F,,,,,, also appear in the top 10 parameter sets based on F,,,,20°). For qs and T,,,, the correspondence between the rankings is much more disparate (i.e., only 3 of the top 10 appear in the top 10 parameter sets based on FmedZo0). Although the standard distance of 200 m is -proposed for analysis of the small streams presented here, this distance may not be appropriate for larger systems in which L = 200 m constitutes the near field and 1-dimensional analysis does not apply (Rutherford 1994) . Additional analysis of F,,ed may be warranted when more studies of larger systems (e.g., Laenen and Bencala 2001) become available.
Mean, median, mass, and metrics
The advantages of using the new metric become evident when one considers the relationships between the mean, the median, and mass transport. As illustrated in Fig. 1 , median travel time reflects the center of mass and is affected by a; mean travel time, in contrast, is unaffected by cu and always occurs at a time when >50% of the mass has passed the observation point. The amount of mass passing the observation point prior to mean travel time (as represented t,,) ranges from 56.6% (WFWB-3) to 99.5% (SK86-3) for the 53 parameter sets (Table 4) .
The difference in mass transport for mean (>50% of mass) and median (= 50% of mass) travel time may be attributed to the storage zone by noting that the mean and median time in the main channel (t,,"i, t,,,dm) are comparable, whereas mean time in the storage zone (t,,~) exceeds median time in the storage zone (tmed5) (Table 4). The longer storage zone times given by t,,: reflect the fact that mean travel time is independent of a, such that the entire volume of the storage zone contributes to travel time (2nd term on right-hand side of equation 9). In contrast, the median time in storage is limited by a,such that only a portion of the storage zone volume contributes to travel time. This limitation is evident from additional simulations that show trrte; approaching t,," as a approaches (for uL/D > 50 and a > 0.5, t,,,; = t,?) . From this analysis it is clear that mean travel time does not reflect the limiting effects of high velocity or low exchange coefficients (long L,) on mass transport into the storage zone. F,rt,,,, (or ASIA) therefore reflects the potential of storageto influence mass transport, whereas F, , reflects the degree to which the potential is realized. This distinction is especially important for reaches such as SK86-3, where >99% of the tracer mass passes through the study reach prior to mean travel time (Table 4) . The relatively large .
-A, associated with this reach results in a large value of F , , , , , , (64.47'0, ranked 6 of 53; Table 3 ), but only a fraction of this potential is realized because of a long L, (F,,20° = 0.17%, ranked 51 of 53; Table 3 ). Because of the large % of mass passing through the study reach prior to t,, for most studies (Table 4) , F,,,,,, and A,/A should be used with caution when quantifying mass-de-pendent processes such as nutrient retention. F,rt, may be a more appropriate metric for this purpose because of the link between median travel time and the center of mass.
As with F ,,,",,,, values of T,,, may be misleading for parameter sets such as SK86-3. The general interpretation of this metric is that T,,, is equal to the time an average molecule spends in storage after it enters the storage zone. For the specific case of L = L,, T,,, equals t, ; (and T,,, equals tmIm); for L, > L the average molecule does not make its way into the storage zone and T,,, exceeds t,? (and T,,, (Table 4) . Charexceeds twlm) acterizing transient storage based on the time the average molecule spends in the storage zone (T,,,) may therefore overestimate the importance of transient storage, as the average molecule never reaches the storage zone over the spatial scale studied. Parameter set SK86-3, for example, has a large value of T,,, (ranked 2 of 53; Table 3 ) that is of little consequence for mass transport (F,,,,20° = 0.17O/0, ranked 51 of 53; Table  3 ) because of the long distance travelled (L, = 4170.7 m). Further, 2 parameters sets (e.g., LLMsources of solutes such as experimental nutrient additions (e.g., Mulholland et al. 1997) , accidental spills, and wastewater treatment plant effluent. In these cases, solute mass directly enters the main channel in a manner that is analogous to a tracer injection. Measures such as F,,,, that quantify the movement of tracer into the storage zone, relative to mass transport, are therefore of paramount importance when comparing the storage characteristics of different streams and rivers.
